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Howard Hughes Medical Institute cone movement by recruiting and activating different
signaling molecules (Bashaw and Goodman, 1999; HongStanford University
Stanford, California 94305 et al., 1999; Stein and Tessier-Lavigne, 2001; Keleman
and Dickson, 2001). The levels of second messengers,
such as cAMP, cGMP, and Ca2, can influence whether
a growth cone responds to a particular cue with at-Summary
traction or repulsion (Ming et al., 1997; Hong et al., 2000).
However, little is currently known about the molecularThe netrin UNC-6 repels motor axons by activating the
UNC-5 receptor alone or in combination with the UNC- identity of signaling components downstream of various
guidance receptors.40/DCC receptor. In a genetic screen for C. elegans
mutants exhibiting partial defects in motor axon pro- The C. elegans ventral cord motor neurons have been
used successfully to study axon guidance (Hedgecockjections, we isolated the max-1 gene (required for mo-
tor neuron axon guidance). max-1 loss-of-function et al., 1990; McIntire et al., 1992; Merz and Culotti 2000).
In wild-type worms, many ventral cord motor neuronsmutations cause fully penetrant but variable axon
guidance defects. Mutations in unc-5 and unc-6, but send dorsally directed circumferential axons to connect
the dorsal and ventral nerve processes. The growthnot in unc-40, dominantly enhance the mutant pheno-
types of max-1, whereas overexpression of unc-5 or cones of these axons are repelled by a ventrally derived
UNC-6/netrin source (Wadsworth et al., 1996), and theunc-6, but not of unc-40, bypasses the requirement
for max-1. MAX-1 proteins contain PH, MyTH4, and UNC-5 receptor is absolutely required for this repulsion
(Leung-Hagesteijn et al., 1992). Ectopic expression ofFERM domains and appear to be localized to neuronal
processes. Human MAX-1 and UNC5H2 colocalize in UNC-5 in the touch neurons, which normally grow longi-
tudinally or ventrally, causes these neurons to projectdiscrete subcellular regions of transfected cells. Our
results suggest a possible role for MAX-1 in netrin- axons dorsally (Hamelin et al., 1993). Mutations in unc-6,
unc-40, and other genes, including unc-34 and unc-129,induced axon repulsion by modulating the UNC-5 re-
ceptor signaling pathway. can suppress this phenotype (Colavita and Culotti,
1998), consistent with an involvement in UNC-5-medi-
ated axon repulsion or a pathway that functions in paral-Introduction
lel to UNC-5. unc-34 is a C. elegans Enabled (Ena) homo-
log (G. Garriga, personal communication). Ena regulatesFrom the nematode C. elegans to higher vertebrates,
growth cones navigate in the developing nervous sys- cytoskeletal dynamics (Gertler et al., 1996) and functions
as a downstream effector of the Robo receptor and thetem by sensing guidance cues, many of which are evolu-
tionarily conserved (Tessier-Lavigne and Goodman, Dlar receptor tyrosine phosphatase during motor axon
guidance in Drosophila (Bashaw et al., 2000; Wills et al.,1996). Examples of such guidance cues include mem-
bers of the netrin, Slit, ephrin, and semaphorin families 1999). The TGF- family protein, UNC-129, is produced
by the dorsal muscles and has been postulated to modu-(Chisholm and Tessier-Lavigne, 1999). Many receptors
for these guidance cues are also highly conserved both late UNC-5 or to act in a parallel guidance pathway to
in sequence and function, including members of the UNC-6/netrin (Colavita et al., 1998).
DCC and UNC5 families as attractive and repulsive re- In search of other molecules involved in UNC-6/netrin-
ceptors for netrins, Robo family members as receptors mediated axon guidance signaling, we performed two
for Slit proteins, and Eph receptors for ephrins. screens for C. elegans mutants with abnormal motor
The emerging theme is that many and perhaps most neuron axon projections. We report here the phenotypic
guidance cues are bifunctional (Chisholm and Tessier- and functional characterizations of the max-1 gene. Mu-
Lavigne, 1999; Song and Poo, 2001). For example, in tations in max-1 cause defects in dorsally projecting
the vertebrate nervous system, netrin-1 can attract com- axons. max-1 exhibits dosage-sensitive interactions
missural axons growing toward the ventral midline (Ser- with unc-5 and unc-6, but not with unc-40. MAX-1 pro-
afini et al., 1994; 1996) and can also repel trochlear motor tein contains PH, MyTH4, and FERM domains and is
axons growing away from the midline (Colamarino and expressed and functions in motor neurons. Human
Tessier-Lavigne, 1995). The outcome of attraction ver- MAX-1 and UNC5H2 colocalize in cultured cells, but
MAX-1 and UNC-5 do not exhibit strong physical inter-
actions.4 Correspondence: jin@biology.ucsc.edu
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Figure 1. Motor Neuron Axon Guidance De-
fects in max-1 Mutant Animals
(A and B) Schematic of the motor neuron axonal
morphology in wild-type and max-1 animals.
Black dots are cell bodies, and lines are nerve
processes. Anterior is left, and dorsal is up.
(C–H) Axonal morphology of the type D motor
neurons visualized by Punc-25-GFP in wild-
type and max-1 animals. (C and D) Low mag-
nification of wild-type and max-1 animals, re-
spectively. Arrows point to the dorsal cord,
and note the axonal gaps in max-1 animals.
(F) A premature stopped commissural pro-
cess (arrow). (G) A defective commissural
process that sends out lateral branches
(arrow). (H) Axonal gaps (arrow) in the dorsal
cord. The arrowhead points to a commissure.
(I–J) GABA staining of wild-type and max-1
animals. Arrows point to the dorsal cord, and
note the axonal gaps in max-1 animals.
(K–L) Axonal morphology of DA/DB neurons
visualized by Punc-129-GFP. In this example,
the DB5 axon runs straight dorsally to the
dorsal nerve cord in wild-type animal (arrow-
head in [K]), but in the max-1 mutant, this
axon turns prematurely and fails to join the
dorsal nerve cord (arrowhead in [L]). Scale
bars: 50 m.
Results neurons except turning posteriorly upon reaching the
dorsal cord (White et al., 1986). DD and VD neurons are
necessary for coordination of both forward and back-Screens for Novel Genes Involved in Motor Neuron
Axon Guidance ward movement. Each D neuron initially extends a single
nerve process anteriorly along the ventral cord, then itThe C. elegans ventral nerve cord is composed of eight
classes of motor neurons, five of which (DA, DB, DD, bifurcates to extend one branch circumferentially to-
ward the dorsal cord and another along the ventral cordVD, and AS) extend circumferentially projecting axon
processes (illustrated in Figure 1A) (White et al., 1986). (White et al., 1986). Upon reaching the dorsal cord, the
D neuron process bifurcates again, with one branchThe axon trajectory of the type D GABAergic neurons,
including six DD and 13 VD neurons, can be visualized projecting anteriorly and the other posteriorly until they
contact the nerve processes of the neighboring D neu-using a Punc-25-GFP marker (genotype juIs76) (Figures
1C and 1E) (Jin et al., 1999), and the axons of the cholin- rons of the same class. Seventeen of the 19 type D
neuron circumferential processes run on the right sideergic DA and DB neurons can be visualized using a
Punc-129-GFP marker (genotype evIs82B) (Figure 1K) of worm body (Figure 1C), and the other two often fascic-
ulate and run on the left side. Mutations in unc-5 and(Colavita et al., 1998).
These motor neurons control the sinusoidal move- unc-6 disrupt axon guidance of all these motor neurons
and cause severely uncoordinated movements (Bren-ment of the worm (Chalfie et al., 1985; White et al., 1986).
DA neurons mediate backward movement. Their axons ner, 1974; Hedgecock et al., 1990). To identify additional
genes involved in motor neuron axon guidance, we car-leave their ventrally located cell bodies, course around
the worm body along a dorsally directed trajectory, and ried out two independent genetic screens as described
below.then turn anteriorly upon reaching the dorsal cord (White
et al., 1986). DB neurons, on the other hand, mediate First, in a screen for abnormal synapse formation, we
isolated a mutation, ju39, that caused defective migra-forward movement. Their axons project like those of DA
Axon Repulsion by MAX-1
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Table 1. Summary of the Max Screen
Genes Alleles Protein
unc-5 (IV) ju177, ju178, ju179, ju180, ju181, ju191 Netrin receptor (Leung-Hagesteijn et al., 1992)
unc-6 (X) ju151a, ju152, ju188a, ju189 Netrin (Ishii et al., 1992)
unc-40 (I) ju149, ju153 Netrin receptor (Chan et al., 1996)
unc-71 (III) ju156, ju157, ju158, ju159, ju160, ju161,
ju162, ju194
unc-73 (I) ju187a Trio (Steven et al., 1998)
unc-119 (III) ju148a Novel protein (Moduro and Pilgrim, 1995)
unc-3 (X) ju150a Olf-1/EBF family transcription factor (Prasad et al., 1998)
mab-9 (II) ju163, ju199 T-Box DNA binding protein (Woollard and Hodgkin, 2000)
max-1 (V) ju142, ju143, ju144, cy1b Novel
max-2 (II) cy2b
max-3 (I) ju186
max-4 (X) ju192a
max-5 (II) ju168c
max-6 (X) ju190
All the mutants except b were isolated using Punc-25-GFP marker (X.H. and Y.J.).
a The animals were uncoordinated.
b The mutants were isolated using Punc-129-GFP (H.J.C. and M.T.-L.).
c The animals are variable abnormal.
tions of DD and VD axons (see below; M. Zhen and Y.J., which we have named max genes (for motor neuron
axon guidance) (Table 1). In this paper we report theunpublished data). The phenotypic analysis of ju39 then
formed the basis for a large-scale genetic screen in genetic and molecular analysis of max-1.
which we (X.H. and Y.J.) examined animals that moved
relatively normally but exhibited abnormal axon mor- Loss-of-Function Mutations in max-1 Cause
Variable Axon Guidance Defectsphology of DD and VD neurons, as visualized with Punc-
25-GFP. From 12,000 mutagenized haploid genomes, We isolated one allele of max-1 (cy1) in the DA/DB
screen, one (ju39) in the screen for abnormal synapses,we isolated 32 mutations (Table 1). Among them are
partial loss-of-function mutations in unc-5, unc-6, and and three (ju142, ju143, ju144) in the DD/VD screen. An
additional allele, zd35, was isolated in a screen for axo-unc-40. The largest group of mutations comprises al-
leles of unc-71, of which only one allele was previously nal defects of the PVQ neuron (S. Clark, personal com-
munication). max-1 animals move forward well but areisolated in screens for uncoordinated movement (Bren-
ner, 1974). In addition, we found two alleles of mab-9, subtly uncoordinated in backward movements. All max-1
mutations are recessive and display fully penetrant buta T box protein that regulates posterior hindgut cell
differentiation (Woollard and Hodgkin, 2000). mab-9 mu- variable degrees of axonal guidance defects (Figures
1A and 1B). The circumferential processes of the typetants show subtle movement defects, and a neuronal
defect was suspected (Chisholm and Hodgkin, 1989). D neurons (viewed with Punc-25-GFP) often fail to reach
the dorsal cord, either stopping prematurely or wanderingSecond, we (H.-J.C. and M.T.-L.) initiated a systematic
approach to identifying novel genes involved in motor laterally, and sometimes extending additional branches
(Figures 1C–1G). We quantified the max-1 phenotypeaxon guidance by focusing on mutants that affect DA
and DB motor neuron guidance, as visualized with Punc- by scoring the number of abnormal circumferential pro-
cesses within a mutant animal. On average, 20% of the129-GFP. The idea behind the screen was that prior
genetic screens for defective motor axon guidance mu- D neuron circumferential processes did not reach the
dorsal cord in max-1 mutants (n  74, range: 6%–41%)tants have focused on the analysis of uncoordinated
mutants, which have severe motor axon guidance de- (Figure 4A). The position of the defective D neurons is
random among individual max-1 animals. The severityfects; this approach has successfully led to the identifi-
cation of unc-5, unc-6, and unc-40 (Hedgecock et al., of the phenotypes for all six alleles appeared compara-
ble, and the phenotypes of homozygous ju39 and ju1421990). We reasoned, however, that incomplete disrup-
tion of motor neuron axon guidance might not necessar- animals were also comparable to those of max-1 hetero-
zygotes over deficiency (data not shown), suggestingily result in a dramatic movement defect and that we
might be able to obtain additional mutants by picking that they are likely null alleles. Within the nerve cords,
max-1 mutant animals also showed axon extension andworms that had relatively normal movement and exam-
ining axon morphology using a GFP reporter. In a pilot fasciculation defects. For example, some longitudinal
axons did not extend fully to connect to the processesscreen from 2000 haploid genomes, we obtained two
mutants (cy1 and cy2; Table 1) that showed consistent of neighboring D neurons, leaving axonal gaps in the
dorsal cord (Figures 1E and 1H) (on average, 3.3 axondefects in the projections of these neurons but no de-
fects in locomotion. gaps in max-1(ju39) animals; n  25, range: 1–5). To
verify that the presence of the GFP transgene did notFrom mapping data and complementation tests, our
two groups realized that ju39 and cy1 are alleles of the affect the mutant phenotype, we used anti-GABA anti-
bodies to examine these neurons in max-1 mutants thatsame gene, max-1 (see below). The preliminary analysis
of the other mutants from these screens defined six loci, lack the GFP transgene. We observed axonal abnormali-
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Figure 2. Cloning of max-1
(A) Max-1 corresponds to C34B4.1. Open
boxes, exons; “*”, partial rescue. yDf12, but
not arDf1, uncovers max-1.
(B) Comparison of C. elegans MAX-1A and
B, Drosophila CG1467, mouse MAX-1, and
human KIAA1200. PH: pleckstrin homology;
MyTH4: myosin tail homology 4; FERM:
Band4.1, ezrin/radixin/moesin. The position
and molecular lesions of max-1 alleles are
indicated.
ties comparable to those visualized by GFP (Figures 1I max-1 Encodes Novel Conserved Proteins
We mapped max-1 to chromosome V between lin-25and 1J): the commissures frequently stopped prematur-
ally, and on average, 3.1 axon gaps were found in the and him-5 (Figure 2A and see Experimental Procedures).
A single cosmid, C34B4, partially rescued the axon guid-dorsal cord of the GABA antibody-stained max-1 ani-
mals (n  21). ance defects of max-1 in germline transformation exper-
iments (Figure 2A). This cosmid contains two predictedThe DA and DB motor neurons showed similar axon
guidance defects, as viewed with Punc-129-GFP (Figures open reading frames (ORF), C34B4.1 and C34B4.2 (C.
elegans Sequencing Consortium, 1998). Further deletion1K and 1L) (Colavita et al., 1998). The defective DA/DB
circumferential axons turned prematurely, with the fre- and frame shift analyses confirmed that the ORF
C34B4.1 contained max-1-rescuing activity (data notquency of the defect varying for each axon. For example,
while almost no defects were seen in the DA3 (0%, n  shown). However, complete rescue of max-1 required
a 1.1 kb upstream DNA sequence that is not included91) and DB4 (1%, n  91) axons, defects were frequently
observed for axons from DB5 (14%, n  90; Figure 1L), in C34B4. By RT-PCR and 5RACE, we found that the
max-1 locus encodes two transcripts produced fromDA5 (11%, n 89), and DB7 (39%, n 149). On average,
11% of DA and 40% of DB neurons (n161) in max-1(cy1) two promoters (see Experimental Procedures). The
max-1 long form is led by an SL1 trans-splice leaderanimals displayed circumferential guidance defects.
The touch neuron and several chemosensory neuron sequence, and the max-1 short form starts within the
second exon of the long form (Figure 2A). The first twoaxons that extend laterally or ventrally appeared normal
in max-1 animals, as examined by Pmec-7-GFP (Ha- exons are separated by a 6.5 kb intron.
The short and long transcripts of max-1 encode pro-melin et al., 1992) and Pceh-23-GFP markers (Zallen
et al., 1999) (data not shown). Thus, max-1 mutations teins of 1045 (MAX-1B) and 1099 (MAX-1A) amino acids,
respectively, that differ slightly in their N-terminal se-predominantly affect dorsally directed axon guidance.
However, the max-1 phenotype is weak compared with quences (Figure 2B). Both isoforms of MAX-1 are highly
similar to several predicted proteins in Drosophilathe phenotypes of unc-5 or unc-6 null mutants, in which
none of the D neuron circumferential processes reaches (CG12467 /dMAX-1), mouse (mMAX-1), and human
(KIAA1200 /hMAX-1) (Figure 2B). The KIAA1200 cDNAthe dorsal cord (Figure 4A; Hedgecock et al., 1990).
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was identified as a high molecular weight brain-derived
cDNA of unknown function (Kikuno et al., 2000). MAX-1
family proteins contain a coiled-coil region in their N
termini, followed in the C-terminal halves by two pleck-
strin homology (PH) domains, a myosin tail homology
4 (MyTH4) domain, and a FERM (after Band4.1/ezrin/
radixin/moesin [ERM]) domain (Schultz et al., 1998).
Coiled-coil domains mediate protein-protein interac-
tions (Burkhard et al., 2001). PH domains are implicated
in phosphatidylinositol phospholipid signaling (Lemmon
et al., 1996). The FERM domain is a membrane localiza-
tion domain and can bind various integral membrane
proteins either directly or via an adaptor protein (Chishti
et al., 1998). The function of the MyTH4 domain is un-
known. The combination of MyTH4 and FERM domains
is also present in several unconventional myosin pro-
teins (VIIa, X, and XV), which are localized to actin-rich
regions (Berg et al., 2000; Tuxworth et al., 2001). Within
the region encompassing the (PH)2-MyTH4-FERM do-
mains (a total of 746 aa), the C. elegans MAX-1 is 26%
and 31% identical to dMAX-1 and hMAX-1, respectively
(Figure 2B). We expressed human MAX-1 in worms and
found that it could partially rescue the max-1 mutant
phenotype (Figures 2A and 4C), supporting the idea that
the two proteins are functional homologs.
To understand how max-1 mutations affect the func-
tion of the protein, we determined the molecular lesions
of all six max-1 alleles (Figure 2B). ju39 is a 28 nucleotide
deletion within the second exon, and ju142 is an 81
nucleotide deletion at the exon/intron boundary in the
fourth exon. Both mutations would create frame shifts
after amino acid 58 and 148, respectively, and lead to
premature stops. ju143 changes Arg240 to an opal stop
codon. zd35 changes Trp698 to an amber stop codon
in the MyTH4 domain. cy1 and ju144 are both nonsense
mutations in the FERM domain at Gln803 and Gln930,
respectively. All six mutations affect both the long and
short isoforms of MAX-1, and the lesions are consistent
Figure 3. MAX-1 Is Expressed in Motor Neurons and Localized to
with all mutations being null or near null mutations in Neuronal Processes
max-1.
(A–D) Shown is GFP expression driven by a max-1 promoter. In a
1.5-fold stage embryo, GFP is detected in some head and tail neu-
MAX-1 Is Expressed and Functions rons (arrow and arrowhead in [A], respectively). In a 3-fold stage
in Motor Neurons embryo, GFP is strongly expressed in the ventral cord motor neurons
(arrowhead in [B]), as well as head (arrow in [B]) and tail neurons.We next examined the expression pattern of MAX-1
In L1 larve, GFP is seen in all ventral cord motor neurons. Arrowsusing GFP reporter genes (Chalfie et al., 1994). GFP
from left to right are DD4, DB6, and DA6. BDU, SDQ, and AVMdriven by a 2 kb max-1 promoter for the long isoform
neurons also express GFP (arrows in [D] from left to right).
was expressed in several head and tail neurons in 1.5- (E) Expression of a functional MAX-1A::GFP, visualized by anti-GFP
fold stage embryos (Figure 3A). By the 3-fold stage, antibody, in the ventral cord (arrow, the right bundles, and arrow-
during which most axon guidance events occur (Durbin, head, the left bundles of the nerve cord), subventral cord (*), and
1987), GFP was strongly expressed in ventral cord motor commissural processes. No staining in the cell bodies.
(F) Expression of MAX-1FERM::GFP is diffusely found in nerveneurons; this expression persisted into the hatching lar-
processes (arrow) and cell bodies (arrowhead). Scale bars: 20 m.vae (Figures 3B and 3C). In adult, the DA, DB, DD, VD,
and AS ventral cord neurons, all of which extend circum-
ferential processes, expressed Pmax-1GFP, but the VA
To determine where max-1 function is required, weand VB neurons that do not have dorsally guided pro-
performed two experiments. First, from the max-1-res-cesses did not express Pmax-1GFP. Pmax-1-GFP was
cuing genomic clone, we deleted 6.3 kb of the first intron,also expressed in ALN, SAB, BDU, AVM, and SDQ and
which contains the muscle expression promoter, andsome unidentified neurons in the head and tail ganglia
found that the shortened genomic clone was able to(Figure 3D and data not shown). Since the two max-1
fully rescue the axon guidance defects of the type Dtranscripts are separated by a large intron, we sus-
neurons in max-1 mutants (Figure 2A). Second, we spe-pected that this intron might contain a promoter for the
cifically expressed MAX-1 in the DD and VD neuronsmax-1 short isoform. Indeed, the 6.5 kb intron was able
using the unc-25 promoter. This expression also fullyto drive GFP expression in almost all ventral cord motor
neurons and body wall muscles (data not shown). rescued the axon guidance defects of DD and VD neu-
Neuron
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Figure 4. max-1 Exhibits Dosage-Sensitive
Interactions with unc-5 and unc-6
(A) Axon guidance defects in double mutants
of max-1 with alleles of unc-5, unc-6, unc-40,
unc-129, unc-34, vab-1, and sax-3.
(B) Reducing the dosage of unc-5 or unc-6, but
not unc-40, dominantly enhances the max-1
phenotype.
(C) Overexpressing unc-5() or unc-6(), but
not unc-40(), suppresses axon guidance
defects in max-1(lf) and max-1(gf). y axis is
the percentage of axon guidance defects.
Bars represent standard deviation. (Student’s
t test compared to control: *p  0.001, **p 
0.01.)
rons in max-1 mutants (Figure 2A). Together, our data max-1 Synergizes with Weak unc-5
and unc-6 Mutationsindicate that max-1 function is required cell-autono-
mously in the motor neurons. Among the known genes that function in guiding the
axons of ventral cord motor neurons are UNC-6/netrin,
the netrin receptors UNC-5 and UNC-40/DCC, UNC-MAX-1 Is Localized in Neuronal Processes
The protein domain structure of MAX-1 predicts it to be 34/Ena, and UNC-129/TGF  (Ishii et al., 1992; Leung-
Hagesteijn et al., 1992; Chan et al., 1996; Colavita etlocalized to specific subcellular regions. To test this, we
made a MAX-1A::GFP construct by inserting GFP in al., 1998; G. Garriga, personal communication), whereas
loss of function of VAB-1/EphR or SAX-3/Robo does notframe after threonine 77 (Figure 2A). This construct fully
rescued the axon guidance defects in max-1 mutants affect these neurons (George et al., 1998; Zallen et al.,
1998). To investigate how max-1 interacts with knownand also did not cause any abnormality in wild-type
animals, suggesting that it was likely expressed at a axon guidance signaling pathways, we conducted dou-
ble mutant analysis. In the following analysis, we fo-physiologically relevant level. GFP was enriched in the
neuronal processes of the ventral, dorsal, and sublateral cused exclusively on the axon guidance of the type D
motor neurons.nerve cords and the circumferential processes, but ex-
cluded from neuron cell bodies (Figure 3E). In contrast, Null mutations in unc-5 and unc-6 caused the commis-
sures of all type D neurons to fail to reach the dorsalwhen we deleted the FERM domain to create MAX-
1FERM::GFP, GFP, no longer restricted to neuronal cord, which we scored as a 100% defect (Figure 4A;
Hedgecock et al., 1990). This defect remained the sameprocesses, rather was diffusely distributed in cell bodies
(Figure 3F). The MAX-1FERM::GFP transgenes did not in double mutants of null alleles for max-1 and unc-5 or
unc-6 (Figure 4A). A slight difference in the positions wherehave any rescuing activity in max-1 mutants. Although
analysis using transgenes may be confounded by arti- the growth cones were stalled along the migratory path
was noticeable comparing the max-1(null); unc-5(null)facts resulting from protein overexpression, these re-
sults nonetheless suggest that the FERM domain is re- double mutants to each single mutant. In max-1(null) mu-
tants, the growth cones (20%) were mostly stalled withinquired for the proper localization of MAX-1.
Axon Repulsion by MAX-1
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Figure 5. Dosage-Sensitive Interactions be-
tween max-1 and unc-5, and the Requirement
of the FERM Domain of MAX-1
(A) Type D neuron morphology in different
genetic backgrounds, visualized by Punc-25-
GFP. juEx refers to the extrachromosomal
arrays that overexpress the gene of interest.
Arrows, commissures; arrowhead, axon gap.
Overexpression of unc-5() rescues max-
1(ju39) defects (middle left). In unc-5(e53)/;
max-1(ju39) animals, axonal guidance de-
fects are greatly enhanced (middle right). Ov-
erexpression of unc-40() does not rescue
max-1(ju39) (bottom left). Overexpression of
max-1() creates a weak axon guidance de-
fect (bottom right).
(B) Gain-of-function effect of max-1 overex-
pression is mediated by the FERM domain.
Scale bar: 50 m.
the ventral half of the animal. In unc-5(null) mutants, phenotype. A null allele of unc-40, e1430, exhibited 40%
axon defects, but max-1(ju39); unc-40(e1430) doubleabout 27% of the axons grew out of the ventral cord,
and their growth cones were usually stalled within the mutants showed more than 90% axon defects (Figure
4A). Similarly, unc-129(ev557) alone had 50% axon de-ventral half of the animal. In unc-5(null); max-1(null) dou-
ble mutants, only 12% of the axons grew out of the fects, but unc-129(ev557); max-1(ju39) double mutants
exhibited more than 90% axon defects (Figure 4A).ventral cord, and all were stalled within the ventral half of
the animal. Weak mutations of unc-5 and unc-6 caused a These synergistic interactions of max-1 with unc-40(null)
and unc-129(null) are consistent with the idea that max-1low percentage of axon guidance defects, but they syner-
gized with max-1 (Figure 4A). For example, unc-5(ju181) acts in parallel to unc-40 and unc-129. We also per-
formed double mutant analysis between max-1 and unc-alone caused 21% axon defects, but unc-5(ju181); max-
1(ju39) double mutants showed 90% axon defects. Simi- 34. unc-34(e566), a likely genetic null mutation (Bloom,
1993), caused 37% axon defects, whereas unc-34(e566);larly, unc-6(ju152) alone caused 15% axon defects, but
unc-6(ju152); max-1(ju39) animals displayed more than max-1(ju39) double mutants displayed 85% axon de-
fects (Figure 4A). As a comparison, we made unc-90% axon defects (Figure 4A). Thus, unc-5(null) and
unc-6(null) are overall epistatic to max-1(null), and max- 40(e1430); unc-34(e566) double mutants. The axon guid-
ance defects of the D neurons were much more severe1(null) attenuates unc-5 and unc-6 signaling. These ob-
servations suggest that max-1 likely acts downstream than those of each single mutant (Figure 4A), but still
weaker than unc-5(null). Although the interactions be-of, or in parallel to, unc-5 and unc-6 signaling.
Null mutants of unc-40 and unc-129 have partial axon tween unc-34 and max-1 or between unc-40 and unc-34
may imply that they all function in parallel, the interpreta-guidance defects (Colavita and Culotti, 1998; Hedgecock
et al., 1990; and Figure 4A) and enhance the max-1(null) tion is complicated by the fact that unc-34 is involved in
Neuron
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multiple processes during early development, including function effect of max-1() was completely suppressed
by simultaneous overexpression of unc-5() or unc-6()cell migration and axon outgrowth (McIntire et al., 1992;
Forrester and Garriga, 1997; Colavita and Culotti, 1998). (Figure 4C). In contrast, overexpression of unc-40() or
the plasmid vector did not suppress the gain-of-function
effect of max-1 (Figure 4C). These data show that aMutations in unc-5 and unc-6, but Not in unc-40,
balanced interaction between unc-5, unc-6, and max-1Act as Dominant Enhancers of max-1
is required for proper axon guidance of motor neurons.In the process of making the double mutants, we ob-
served that reducing the dosage of unc-5() signifi-
cantly enhanced the max-1 phenotype (Figures 4B and The Gain-Of-Function Effect of max-1 Is Mediated
5A). Reducing unc-5() dosage by half using a null allele, by the FERM Domain
e53, increased the axon guidance defects of max-1(ju39) To investigate which domains of MAX-1 might be impor-
animals from 20% to 50%. A weak allele of unc-5, ju181, tant for the gain-of-function effect, we generated several
also dominantly enhanced max-1 axon defects from deletion and replacement constructs of max-1 (Figure
20% to 37%. In contrast, the unc-40 null mutation did 5B). We made transgenic animals that overexpressed
not show such an effect. Both unc-129(null) and unc- each of these constructs in wild-type animals and
34(null) mutations showed moderately dominant en- scored the axonal morphology of the D neurons. All
hancement of the max-1 phenotype (Figure 4B). The constructs in which the FERM domain was intact caused
dosage effect of unc-5 suggests that MAX-1 is likely axon defects (Figure 5B). All constructs that lacked the
involved in the UNC-5-mediated axon repulsion pathway FERM domain and that were expressed, as judged by
to transduce the UNC-6 signal. If this were true, reducing the GFP tag, did not cause axon defects (Figure 5B).
the dosage of unc-6() should also enhance the max-1 Moreover, the gain-of-function effects caused by the
phenotype. We found that unc-6(ev400), a null allele, constructs containing only the MyTH4 and FERM do-
dominantly enhanced max-1(ju39) axon defects from mains were also suppressed by cooverexpression of
21% to 50%, and unc-6(ju152), a weak mutation, domi- unc-5 (data not shown). These results, together with the
nantly enhanced max-1 defects from 21% to 36% (Fig- observation that the FERM domain is required for proper
ure 4B). Interestingly, animals of unc-5/; unc-6/ also localization of MAX-1::GFP (Figure 3), support an impor-
exhibited 6% axon defects (Figure 4B). The dosage- tant role for the FERM domain in MAX-1 function and
sensitive interactions of unc-5 and unc-6 with max-1 further imply that the dosage-dependent interaction be-
are gene-specific, because unc-5 did not dominantly tween MAX-1 and UNC-5 may occur at specific sites at
enhance unc-129 (data not shown), which appears to or near the cell membrane.
modulate unc-5 signaling by an unknown mechanism
(Colavita et al., 1998). Moreover, the dosage-effect of Human MAX-1 and UNC5H2 Colocalize
unc-5 and unc-6 on max-1 is not allele-specific, because in Transfected Cells
max-1(ju142) displayed a similar range of interactions The high sequence homology and the observation that
with unc-5 and unc-6 mutations (data not shown). the expression of human MAX-1 in worms can partially
rescue max-1 defects (Figure 2A) suggest that they are
Overexpression of unc-5 or unc-6, but Not unc-40, likely functional homologs. In mouse embryos, mMax-1
Can Bypass the Requirement for max-1 mRNA was present at low levels in the developing nervous
Because reducing the UNC-6/netrin signal or UNC-5 system and muscles (data not shown). As a first step
receptor activity enhanced the max-1 mutant pheno- toward understanding the functions of max-1 vertebrate
type, we hypothesized that increasing the dosage of homologs, we examined the cellular localization of human
unc-5 or unc-6 might create an opposite effect. Indeed, MAX-1 in transfected monkey COS cells and P19 cells
overexpression of unc-5() reduced the circumferential (differentiated into neurons). We found that hMAX-1::GFP
axon defects of max-1 mutants from 21% to 8% (Figures was localized in a discrete punctate pattern throughout
4C and 5A). This overexpression of unc-5() also res- the cytoplasm of the cell body and cellular processes
cued the axon extension defects of max-1, reducing the (Figures 6A and 6B). In contrast, a hMAX-1 construct
number of axonal gaps in the dorsal cord from 3.3 to 1.1 lacking the FERM domain (hMAX-1FERM::GFP) showed
per animal (n  22). Comparable results were obtained a uniform distribution throughout the cytoplasm (Figures
when unc-6() was overexpressed (Figure 4C). In con- 6A and 6B), suggesting that the FERM domain of hMAX-1
trast, overexpression of unc-40() or the plasmid vector is required for proper subcellular localization. Similar ex-
did not rescue max-1 mutant defects (Figures 4C and 5A). pression patterns were observed when these constructs
were expressed in human embryonic kidney 293T cells or
cultured primary rat cerebellar granular cells (data notOverexpression of max-1() Causes Axon
Guidance Defects, which Can Be Suppressed shown). Additionally, we electroporated hMAX-1::GFP and
hMAX-1FERM::GFP constructs into chicken embry-by Overexpression of unc-5 or unc-6, but Not unc-40
To further explore the gene dosage interactions between onic spinal cord in ovo and observed a punctate pattern
of GFP in spinal cord neurons expressing hMAX-1::GFP,max-1 and unc-5 or unc-6, we overexpressed max-1()
in wild-type animals (see Experimental Procedures) and but a diffuse distribution of GFP with hMAX-1FERM::GFP
(data not shown), consistent with the results in trans-observed a gain-of-function axon guidance phenotype
(Figure 5A). Twelve percent of the D neuron circumferen- fected COS and P19 cells. Thus, like C. elegans MAX-1, in
these transfection studies, hMAX-1 is localized to specifictial processes failed to reach the dorsal cord (Figure
4C). This max-1(gf) axon defect was qualitatively indis- subcellular regions in neurons, and its localization re-
quires the FERM domain.tinguishable from max-1(lf). Furthermore, this gain-of-
Axon Repulsion by MAX-1
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Figure 6. Localization Pattern of hMAX-1(KIAA1200) in Vertebrate
Cells
Expression of KIAA1200::GFP in COS cells (A) or P19 neuronal cells
(B) shows a similar punctate pattern. This pattern disappears when
the FERM domain is deleted (KIAA1200FERM::GFP). Green, GFP;
blue, DAPI. Scale bars: 10 m.
To gain additional clues about the relationship of ver-
tebrate MAX-1 and UNC-5 receptors, we coexpressed
human MAX-1 and rat UNC5H2 in COS cells. COS cells,
when transfected with UNC5H2, develop cellular pro-
cesses (Figure 7; H.-J.C. and M.T.-L., unpublished data).
We found that in the cotransfected COS cells, UNC5H2
and hMAX-1 colocalized in many areas, especially in
the induced cellular processes (Figures 7A–7C). This
colocalization was specific to the UNC5 homolog, be-
cause two other axon guidance receptors, DCC and
Robo-1, did not show colocalization with hMAX-1 when
coexpressed in COS cells (Figures 7D and 7E).
MAX-1 and UNC-5 Do Not Exhibit Strong
Physical Interactions
The dosage-sensitive interactions between max-1 and
Figure 7. hMAX-1 (KIAA1200) Colocalizes with UNC-5 in COS Cellsunc-5 and the close association of human MAX-1 and
(A–C) Coexpression of KIAA1200::GFP and UNC5H2::Myc in trans-UNC5H2 in cultured cells hint at the possibility that
fected COS cells. COS cells transfected with UNC5H2 often send
MAX-1 might form a complex with UNC-5. To test this, multiple processes, as shown here. Lower panels: a high magnifica-
we performed several experiments. First, we made in tion of one cellular process showing the colocalization.
vitro translated ceMAX-1 and the cytoplasmic domain (D and E) KIAA1200::GFP and Robo::Myc (D) or DCC::Myc (E) do
not colocalize in transfected COS cells. The lower panels show aof ceUNC-5, but no binding of these proteins was ob-
high magnification of the boxed area. Green, GFP; red, Myc; blue,served in vitro under standard conditions (data not
DAPI . Scale bars: 10 m.shown). Second, we examined whether human MAX-1
and UNC5H2 could form a complex by immunoprecipita-
tion. The two proteins were transiently coexpressed in Discussion
COS cells, but when UNC5H2 was precipitated using
standard conditions (Hong et al., 1999), no MAX-1 pro- Growth cones encounter numerous guidance cues dur-
ing their navigation. The direction of growth cone migra-tein was coimmunoprecipitated (data not shown). Third,
we tested whether MAX-1 could interact with UNC-5 in tion is controlled by intracellular signaling events down-
stream of the guidance receptors. In C. elegans, theyeast two-hybrid assays. We detected interaction be-
tween the cytoplasmic domain of UNC-5 and a large dorsal migrations of motor axons are repelled by the
ventrally enriched UNC-6/netrin source (Hedgecock etportion of MAX-1 that includes the FERM domain at
low temperature but not at high temperature (data not al., 1990; Wadsworth et al., 1996). UNC-6 can activate
the UNC-5 receptor alone or the UNC-5 and UNC-40/shown). The significance of this interaction, however, is
unclear because we were unable to narrow down this DCC coreceptor (Colavita and Culotti, 1998 ; Merz and
Culotti, 2000). unc-6, unc-5, or unc-40 null mutants areinteraction to smaller domains of UNC-5 or MAX-1. Thus,
these studies led us to conclude that MAX-1 and UNC-5 severely uncoordinated (Brenner, 1974; Hedgecock et
al., 1990). Among the other genes that cause a severedo not have strong physical interactions by standard in
vitro protein interaction assays. uncoordinated phenotype when mutated, only unc-34
Neuron
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(a C. elegans Enabled homolog; G. Garriga, personal presence of two PH domains followed by a MyTH4 do-
main and a FERM domain. PH domains are known tocommunication) is so far reported likely to be involved
bind PIP2 upon the activation of several signal transduc-in transducing UNC-5-mediated repulsion (Colavita and
tion pathways (Lemmon et al., 1996). FERM domainsCulotti, 1998). Why have other molecules involved in
also localize proteins to membranes by binding to trans-signaling UNC-6/netrin repulsion not yet been identified
membrane receptors (Chishti et al., 1998). Consistentthrough screens for mutants exhibiting similar uncoordi-
with the predicted protein domain structure, a functionalnated movements? There are two likely, but not mutually
MAX-1::GFP is exclusively localized to neuronal pro-exclusive, explanations. One is that some molecules
cesses, and the hMAX-1 is also found in distinct subcel-downstream of the receptors are also essential for sur-
lular sites in cultured cells and in transfected chick spinalvival or fertility, thus precluding the analysis of axon
cord neurons. The localization of both proteins requiresphenotypes. The other is that UNC-5 transduces signals
the FERM domain.through several parallel pathways, such that disruption
The structural organization of a MyTH4 domain fol-of each pathway causes only partial guidance defects
lowed by a FERM domain is shared by members ofthat do not markedly impair worm movement. Our
the MAX-1 family and three classes of unconventionalscreens explored the latter possibility, and our analysis
myosins: VIIa, X, and XV. These myosins are localizedof max-1 has supported this rationale. max-1 mutants
to actin-rich regions and may control cell motility (Bergshow subtle movement defects, and max-1 null muta-
et al., 2000; Kussel-Andermann et al., 2000b; Tuxworthtions cause a low percentage of axon repulsion defects.
et al., 2001). The FERM domain of Myosin VIIa has re-MAX-1 defines a novel family of proteins that likely play
cently been shown to bind protein kinase A (PKA) (Kus-evolutionarily conserved functions in netrin-induced
sel-Andermann et al., 2000a), a serine/threonine kinaseaxon repulsion.
that, upon activation by cAMP, can regulate the function
of a variety of proteins, including many cytoskeletal pro-Axon Repulsion by MAX-1
teins (Edwards and Scott, 2000).Our genetic and phenotypic analyses have focused on
Our transgene analysis shows that the proper localiza-the axon guidance of the ventral cord type D motor
tion of MAX-1 requires the FERM domain and that theneurons that undergo long-range dorsal migration. In
dosage-sensitive interactions between max-1 and unc-5these neurons, double mutants of null mutations for
depend on the FERM domain of MAX-1. However, we areunc-5 or unc-6 and max-1 essentially resemble unc-5
unable to detect strong physical interactions betweenor unc-6 single mutants in that all circumferential axons
MAX-1 and UNC-5 using standard assays. Since bothfail to reach the dorsal cord, although slight enhance-
max-1 and unc-5 function in the same motor neuronsment in the final positions of the stalled growth cones
(this study; Leung-Hagesteijn et al., 1992), an attractiveis detected. Weak mutations of unc-5 or unc-6 synergize
model is that MAX-1 acts as a modulator to potentiatewith max-1. Reducing the dosage of unc-5 or unc-6
the UNC-5 signal by enriching the local concentrationdominantly enhances the max-1 phenotype, whereas
of UNC-5 at the growth cone, and that this interactionincreasing the dosage of unc-5 or unc-6 bypasses the
may be mediated through the FERM domain (Figure 8A).requirement for max-1. Moreover, overexpression of
Key to this model is that the supply of UNC-5 receptorunc-5 or unc-6 suppresses the defects caused by over-
at the growth cone may be limited, which is consistentexpression of max-1. In contrast, although max-1 syner-
with our observation that unc-5/; unc-6/ animalsgizes with both null and partial loss-of-function muta-
have 6% axon guidance defects. This model would pro-tions of unc-40, an UNC-5 coreceptor for UNC-6, max-1
vide an explanation for why the max-1 gain-of-function
and unc-40 do not exhibit additional dosage-sensitive
phenotype is similar to that of max-1(lf) or that of weak
interactions. These genetic interactions support a role
unc-5(lf), because overexpression of MAX-1 could dilute
for max-1 as a candidate component of one of several the local UNC-5 concentration at the growth cone. Sup-
parallel pathways involved in UNC-5-mediated axon re- porting this explanation, increasing the level of UNC-5
pulsion. The slight enhancement of the growth cone suppresses the max-1(gf) phenotype. The observation
stalling in unc-5(null); max-1(null) double mutants could that overexpression of UNC-5 also suppresses the max-
have a trivial cause that the animals are in general sicker 1(lf) phenotype could similarly be explained by a local
than each single mutant, possibly due to other functions increase in UNC-5 concentration in the growth cone.
of max-1 in early development. Alternatively, it could Since FERM domains in other proteins can interact with
imply that max-1 may also be involved in a pathway(s) PKA, whose activation depends on the cAMP signaling
parallel to unc-6 and unc-5 signaling. The nature of such pathway (Figure 8A), which can regulate the turning re-
a parallel pathway(s) is not yet defined at the present sponse to netrin-1 in cultured Xenopus spinal cord neu-
time. MAX-1 is expressed in other neurons whose axons rons (Ming et al., 1997), MAX-1 might also serve as a
do not migrate a long distance along the dorsal-ventral signal transducer to link UNC-5, very likely indirectly, to
axis and in nonneuronal cells. In these cells, max-1 likely downstream pathways. It should be stressed that this
acts independently of, or in parallel to, unc-6 and unc-5. model does not exclude the possibility that MAX-1 po-
tentiates other signaling pathways that are independent
The Mechanism of MAX-1 Function of, or in parallel to, unc-6/netrin and unc-5, especially
MAX-1 defines a new family of proteins that includes in other types of cells.
the Drosophila CG12467/dMAX-1, mouse mMAX-1, and
human KIAA1200/hMAX-1. The localization pattern of Signal Transduction of UNC-5-Mediated
hMAX-1, together with the observation that hMAX-1 can Axon Repulsion
rescue max-1 defects in worms, suggests that they are Our genetic screens were predicated on the existence of
parallel pathways downstream of UNC-5, each partiallyfunctional homologs. The signature of this family is the
Axon Repulsion by MAX-1
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Figure 8. Models for MAX-1 and UNC-5-Mediated Axon Repulsion
(A) MAX-1 may act as a modulator by enriching UNC-5 to the growth cone and also may link UNC-5 to PKA.
(B) Multiple parallel pathways downstream of UNC-6/netrin. MAX-1 and UNC-34 may also be involved in pathways independent of, or in
parallel to, netrin.
required for UNC-5-mediated repulsion, and our genetic specifically downstream of UNC-5 and UNC-40 corecep-
tor complexes. Last, max-1; unc-40 or max-1; unc-34 dou-data support this possibility. max-1, unc-40/DCC, and
unc-34/Ena are all implicated in UNC-5-mediated axon ble mutants are only 90% defective, not 100% defec-
tive as unc-5 mutants. (The unc-34 max-1; unc-40 triplerepulsion, yet none of their null mutant phenotypes is
as strong as that of unc-5 null mutations (this study; mutants were not viable, precluding the analysis of their
axon guidance phenotype [X.H. and Y.J., unpublishedColavita and Culotti, 1998; Hedgecock et al., 1990). Im-
portantly, a strong synergy is observed between max-1 data].) This observation implies that MAX-1 is not abso-
lutely required for the UNC-40-independent UNC-5and unc-40, max-1 and unc-34, or unc-40 and unc-34;
in all three double mutants, the dorsal projections pathway and further suggests that there is another path-
way(s) involving neither UNC-40, UNC-34, nor MAX-1are 90% defective (this study).
Extensive studies in worm, fly, and vertebrates have that can mediate a small amount of UNC-5 signaling
(Figure 8B).supported the possibility that there are at least two axon
repulsion pathways induced by UNC-6/netrin, one acti- Why are there parallel pathways for UNC-5 signaling?
A model in which UNC-5 alone might mediate short-vated by a receptor complex of UNC-5 and UNC-40/DCC,
and the other activated by UNC-5 alone (Hedgecock et range repulsion, whereas an UNC-5 and UNC40/DCC
coreceptor complex might mediate long-range repul-al., 1990; Colavita and Culotti, 1998; Hong et al., 1999;
Merz and Culotti, 2000; Keleman and Dickson, 2001). sion, was first suggested by Hong et al. (1999) and has
recently been supported by studies in Drosophila (Kele-Our data support one role of MAX-1 in the UNC-5 path-
way that does not require UNC-40, because reducing the man and Dickson, 2001). This idea is reminiscent of
repulsion via Robo family receptors, where Robo ap-dosage of unc-5 or unc-6, but not of unc-40, dominantly
enhances the mutant phenotype of max-1, whereas in- pears to transduce a short-range repulsive signal and
complexes of Robo and Robo-2 or Robo-3 a long-rangecreasing the dosage of unc-5 or unc-6, but not of unc-40,
suppresses both the max-1(lf) and the max-1(gf) pheno- repulsive signal (Rajagopalan et al., 2000; Simpson et
al., 2000). The identification of MAX-1 provides an entrytypes. On the other hand, unc-40 and unc-34 share similar
motor neuron circumferential axon guidance pheno- point to further dissect the extent to which UNC-5 signal-
ing in axon repulsion involves independent parallel path-types, and mutations in both suppress ectopic UNC-5-
induced axon guidance defects (Colavita and Culotti, ways as opposed to overlapping signaling pathways,
and to explore the physiological roles of these putative1998). Together with our observations that the axon guid-
ance phenotype of the max-1; unc-34 double mutant is pathways in short- and long-range guidance.
similar to that of the max-1; unc-40 double mutant, it is
tempting to speculate that UNC-34 might have a role in Experimental Procedures
transducing signals downstream of the UNC-5 and
Strains and GeneticsUNC-40 coreceptor (Figure 8B). However, the enhanced
C. elegans were grown on NGM plates under standard conditionsaxon guidance defects in unc-34; unc-40 double mu-
as described by Brenner (1974). ju142, ju143, and ju144 mutationstants and the observation that unc-34 dominantly en-
of max-1 were isolated from sem-4(n1376); juIs76 animals treated
hances max-1 also indicate that either UNC-34 is not with EMS. Briefly, the axon morphology of the type D neurons of
involved solely in an UNC-5 and UNC-40 coreceptor path- mutagenized F2 progeny was examined under a Nomaski fluores-
cence microscope, and mutant animals were recovered to produceway (Figure 8B) or that some of the synergy/enhance-
progeny. A total of 12,000 mutagenized haploid genomes werement may arise as a consequence of interactions be-
screened. ju39 was isolated in a screen for abnormal synaptic mor-tween max-1 or unc-40 and unc-34 in early cellular
phology (M. Zhen and Y.J., unpublished data). max-1 was mappedmorphogenesis events that are independent of netrin
to chromosome V because of its linkage to dpy-11(e224)V and was
and UNC-5 signaling (G. Garriga, personal communica- further mapped to the lin-25 and him-5 interval based on the follow-
tion; our unpublished data). It should be stressed that ing data: from max-1(ju39)/rol-4(sc8) lin-25(n545) him-5(e1467) unc-
76(e911) heterozygotes, all 14 Rol non-Lin Him Unc recombinantsthere is as yet no direct evidence that UNC-34 functions
Neuron
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segregated max-1, and 7 of 28 Rol Lin non-Him Unc recombinants antibody (Jackson Immunoresearch, West Grove, PA). For GABA
staining, animals were fixed, permeabilized, and stained with GABAsegregated max-1. max-1 was uncovered by deficiencies yDf12 and
nDf42, but not by yDf8 and arDf1. Wormbase (Stein et al., 2001) antisera as described (McIntire et al., 1992). max-1 promoter-driven
GFP was directly observed under a 63	 objective of a Zeissnotes that arDf1 fails to complement eat-6, which is to the right of
max-1. By sequencing, we confirmed the presence of max-1 in Axioskop fluorescence microscope equipped with a HQ-FITC filter
(Chroma, Brattleboro, VT).arDf1. The conflicting data on arDf1 suggest that the breakpoint of
arDf1 may be very close to max-1 and eat-6.
Expression of Human MAX-1 in Cultured Cells
and in Chick EmbryosPhenotypic Analysis
Human MAX-1::GFP: KIAA1200 (a gift from the Kazusa DNA Re-The type D motor neuron axon guidance defects, visualized by
search Institute) (nt 118–4209) was subcloned into pEGFP-N1 (Clon-juIs76, were quantified by counting the number of commissures
tech, Palo Alto, CA). UNC5H2-Myc is as described (Hong et al.,from DD2-6 and VD1, 3-13 that did not reach the dorsal cord within
1999). Human MAX-1::GFP and UNC5H2-Myc were cotransfecteda single animal, which was then divided by 17 to convert to the
into COS cells with FuGENE 6 (Roche Applied Science, Indianapolis,percentage of defects. 20–50 animals were scored per genotype,
IN). UNC5H2-Myc was stained with anti-myc antibody (mAb9E10).and the average percentage was presented. Qualitative observa-
Transfected cells were observed with a Zeiss Axioplan fluorescencetions were made on the positions and patterns of the stalled growth
microscope. For expression in chick, human MAX-1::GFP or humancones. A subset of DA and DB motor neurons including DA3-6 and
MAX-1FERM::GFP was subcloned into the pCAGGS/ES vector.DB4-7 were scored similarly using (evIs82B) (Colavita et al., 1998).
HH stage 17 chicken embryos were electroporated unilaterally as
described (Muramatsu et al., 1998). Embryos were analyzed at HHMolecular Biology of max-1
stage 18 and stage 24.Cosmids were obtained from the Sanger Centre (Hinxton, UK). DNA
preparation and subcloning followed standard procedures (Sam-
Acknowledgmentsbrook et al., 1989). pCZ388 was generated by ligating a 6.4 kb SalI-
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Garriga for personal communications prior to publication, and A.25-max-1 construct pCZ396 was made by replacing the max-1 pro-
Chisholm, L. Hinck, and members of the Jin and Chisholm labsmoter in pCZ389 with a 1 kb unc-25 promoter at the Esp3I site. The
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